a b s t r a c t
We previously proposed microchip-based phosphate-affinity electrophoresis (lPAE) and demonstrated its application to activity measurement of a tyrosine kinase, c-Src. In this study, we extended the lPAE application to a serine/threonine kinase, protein kinase A (PKA), and to a tyrosine phosphatase, leukocyte antigen-related protein tyrosine phosphatase (LAR PTPase). For standard peptide samples, we obtained linear calibration plots, and the limits of detection were 1.2% (PKA) and 1.5% (LAR PTPase) product peptides in the total peptides. The lPAE was also proven to be effective for unpurified enzyme reaction products.
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Intracellular signaling networks are constructed on the basis of the subtle balance between phosphorylation and dephosphorylation by protein kinases and phosphatases, respectively [1] . There are more than 500 kinases encoded within the human genome, with more than 200 of them implicated in diseases. Phosphatases act in opposition to kinases and are integral to many signal transduction pathways [2] . Therefore, it is important to develop techniques for detecting and analyzing both kinases and phosphatases.
For this purpose, radioactive-based assays are one of the most common techniques [3] . However, these experiments are potentially hazardous. Therefore, nonradioactive assay methods are becoming popular. Especially for peptide substrates, separation of the phosphorylated peptide from the nonphosphorylated peptide provides an effective way to determine the kinase or phosphatase activity. The separation can be accomplished by mass spectrometry [4] or capillary electrophoresis [5] . These methods are suitable for automated high-throughput assays, but bulky and sophisticated instruments are required. For benchtop assays with shorter analysis time and smaller sample volumes, microfluidic chips (microchips) have also been used for electrophoretic separation of the target peptides based on the electrical charge difference [6] . The phosphorylation-based separation is also possible with a phosphate-specific affinity ligand, Phos-tag [7] . Acrylamide-linked Phos-tag, commercialized as Phos-tag Acrylamide, has been copolymerized with acrylamide to make gel slabs, which were subsequently used for electrophoretic mobility shift assays based on the phosphorylation [8] .
Using Phos-tag Acrylamide and a poly(dimethylsiloxane) (PDMS) 1 -glass microchip, we have demonstrated microchip phosphate-affinity electrophoresis (lPAE) [9] . The sample solution contained a substrate peptide of a tyrosine kinase, c-Src, and its phosphorylated product. The latter was trapped by Phos-tag, whereas the former migrated. As a result, the two peptides were baseline separated in 10 s. However, that work contained only preliminary results of lPAE for a serine/threonine kinase and no results for phosphatases.
In this note, we describe applications of the lPAE to a serine/ threonine kinase, protein kinase A (PKA), and to a tyrosine phosphatase, leukocyte antigen-related protein tyrosine phosphatase (LAR PTPase). PKA is involved in cell proliferation, gene induction, angiogenesis, and apoptosis [10] . LAR PTPase is found in liver and muscle, and it modulates insulin signaling. LAR PTPase also plays a suppressive regulatory role in tumor growth [11] . Table 1 shows the sequences of the peptides used in this work.
The principle of lPAE is illustrated in Fig. 1A . In advance, the sample and the polymer solutions were autonomously loaded into specific regions of the microchannel with our original solution filling technique [12] [13] [14] . The sample contains two kinds of peptides: phosphorylated and nonphosphorylated. Both are fluorescently labeled.
The polymer solution contains Phos-tag molecules that are immobilized to the poly(dimethylacrylamide) (PDMA) chains. When the peptides are electrophoresed into the polymer region, the phosphorylated peptide is trapped by the Phos-tag, whereas the nonphosphorylated peptide continues to migrate. As a result, the two peptides are separated. As an example, Fig. 1B and C show a fluorescence image and the corresponding profile plot, respectively, of the lPAE separation of an equimolar mixture of P1 and P2. The two peptides are quantified with the peak areas. For kinase activity measurement, the kinase sample is reacted with the nonphosphorylated substrate peptide prior to the lPAE. In this case, the amount of the phosphorylated product peptide, evaluated from A trap , is correlated with the kinase activity. For phosphatase activity measurement, on the contrary, A mig is correlated with the phosphatase activity.
For PKA assay, we used the Kemptide sequence [15] with three additional glutamic acid residues (P1 in Table 1 ). We prepared another synthetic peptide P2, which is the serine-phosphorylated form of P1. We previously found that phospho-serine has much weaker affinity to Phos-tag than that exhibited by phospho-tyrosine [9] . Therefore, in this set of experiments, we used a Phostag-PDMA conjugate containing 10 times as much Phos-tag as the conjugate for phospho-tyrosine (1.0 vs. 0.1 mM).
First, we assessed the effectiveness of the lPAE for PKA activity measurement using standard samples consisting of P1 and P2 at various molar ratios while keeping the total peptide concentration at 10 lM. A 1.0-ll aliquot of the sample was applied to the microchip, and the lPAE was started. The two peptides were baseline separated in 15 s, as shown in Fig. 1B and C. We measured the trapped peak area A trap and the migrating peak area A mig . The degree of phosphorylation is assumed to be expressed by the normalized trapped peak area:
A trap = A trap /(A trap + A mig ). In Fig. 1D , A trap at lPAE time of 15 s is plotted against the molar fraction of P2 in the standard sample. The two parameters show excellent agreement, implying that the lPAE is effective for quantifying the serine-phosphorylated peptide P2, which can be directly related to PKA activity. The limit of detection (LOD), based on the 3r criterion, was calculated as 1.2% P2 in the total peptides. It is slightly worse than the LOD that we reported for the c-Src product peptide, 0.9% [9] . However, the significance of this difference is currently unclear.
Next, we applied the lPAE to unpurified PKA reaction products.
Recombinant PKA catalytic subunit (cat. no. P2645, Sigma) was reacted with 10 lM P1 in the presence of 0.10 mM adenosine triphosphate (ATP). The reaction was stopped by heating. The resulting mixture was analyzed in the same way as the standard samples described in the previous paragraph. The degree of phosphorylation was evaluated by the normalized peak area A trap at lPAE time of 15 s. The resulting A trap is plotted against the PKA reaction time in Fig. 1E . As expected, the higher A trap was obtained by the higher PKA concentration or the longer reaction time. This indicates that the existence of PKA or ATP did not significantly interfere with the binding between phospho-serine and Phos-tag. In addition, we carried out preliminary experiments to check the specificity of this assay using another serine/threonine kinase, CK2, as a potential contaminant (see Supplementary material). As a result, a very low level of cross reaction was observed.
For LAR PTPase assay, we adopted the substrate sequence P3 (Table 1 ) from the literature [16] . We also prepared the dephosphorylated form of P3 and named it P4, which corresponds to the product of the enzyme. The same Phos-tag-PDMA conjugate as in our previous article [9] , containing 0.10 mM Phos-tag, was used in this set of experiments because the trapping target became phospho-tyrosine again. The standard samples were prepared by mixing P3 and P4 at various molar ratios with the total concentration of 10 lM. The two peptides were baseline separated in 10 s. The biggest difference between this phosphatase assay and the kinase assay is that the enzyme activity is related to the area of the migrating peak A mig , which reflects the amount of the dephosphorylated peptide. We normalized the migrating peak area by the following equation: A mig = A mig /(A trap + A mig ). In Fig. 1F ,
A mig at lPAE time of 10 s is plotted against the molar fraction of P4 in the standard sample. The data points show an excellent linear relationship. The LOD, calculated as 1.5% P4 in the total peptides, was worse than the LOD of the c-Src standard sample (0.9% [9] ) and that of the PKA standard sample in this study (1.2%). However, the LOD of 1.5% was not as bad as expected because we basically measured the migrating peak, which is broader than the trapped peak measured in kinase assays (see Fig. 1B and C) . The effect of the band broadening on the LOD was not clearly observed in this study. Finally, we analyzed LAR PTPase reaction products with the lPAE. The substrate peptide P3 at 10 lM was reacted with recombinant LAR PTPase (cat. no. L0907, Sigma), and the reaction was stopped by heating. The resulting mixture was applied to the microchip, and the lPAE was carried out. The progress of dephosphorylation was evaluated by the normalized peak area A mig at lPAE time of 10 s. As shown in Fig. 1G ,
A mig increased with the LAR PTPase concentration and the reaction time. These results indicate that A mig reflected the progress of the LAR PTPase reaction. In conclusion, we have demonstrated successful applications of the lPAE method to activity measurements of a serine/threonine kinase (PKA) and a tyrosine phosphatase (LAR PTPase). In both cases, the assay performances were as good as that of a tyrosine kinase (c-Src) that we reported previously [9] . We are currently investigating application of the lPAE to crude cell lysates and optimization of the lPAE for further improvement of the sensitivity.
